Abstract-This paper presents an exciting finding for the power industry: The parameters of secondary frequency control based on integral or proportional integral control can be tuned to achieve economic operation and frequency regulation simultaneously within a considerable short period. We show that if the power imbalance is represented by frequency deviation, an iterative dualascent-based economic dispatch solving is equivalent to integral control. An iterative method of multipliers based economic dispatch is equivalent to proportional integral control. Similarly, if the controller parameters of the secondary frequency controls are chosen based on generator cost functions, these secondary frequency controllers achieve both economic operation and frequency regulation simultaneously.
I. INTRODUCTION

D
ISTRIBUTED optimization applications in power systems have been seen in the literature. Distributed optimization techniques were described in the seminal work [1] . In distributed optimization, an optimization problem will be decomposed into subproblems. Iterative procedures are usually taken. Applications include economic dispatch [2] - [4] , ac optimal power flow (AC-OPF) [5] - [9] , dc optimal power flow [10] - [13] , voltage control [14] , multi-horizon optimization such as electric vehicle operation [15] and battery operation [16] .
The above mentioned applications focus on power system models represented by algebraic equations. The objective of this research is to shed insights on the relationship between iterative optimization problem solving procedures and feedback control in power system frequency regulation.
Recently, there are papers published to view droop control as a primal-dual optimization problem solving procedure [17] . The authors of [17] also connected automatic generation control (AGC) with partial primal-dual iterative optimization procedures using forward engineering and reverse engineering [18] , [19] . The modified AGC proposed in [18] is a more complicated controller requiring information from neighbored generators. Compared to [18] , [19] , this paper will present a much simpler and straightforward connection of AGC and economic dispatch. The authors are with Department of Electrical Engineering, University of South Florida, Tampa, FL 33620 USA (e-mail: zmiao@usf.edu; linglingfan@usf.edu).
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A unique feature of power systems is that frequency deviation can reflect power imbalance of the system. Further, their relationship at steady-state is linear should primary frequency droop control is in place. Frequency measurements can be obtained locally. This feature facilitates the implementation of distributed decision making in power systems. Validation of a distributed decision making architecture using frequency deviation has to be conducted in a dynamic simulation platform, since algebraic based models cannot reflect frequency dynamics.
When frequency deviation is used to reflect power imbalance, dual ascent, and method of multiplier based update can be realized through local feedback control. This interesting finding indicates that economic operation can be realized through local feedback based secondary frequency control. This finding concurs with the standard AGC implementation practice where the participation factor approach is adopted [20] . In the participation factor approach, each generator will be allocated a portion (notated as participation factor) of the total power change. This participation factor is proportional to the quadratic cost coefficient of the generator.
We will start with a two-area system to explain our finding. In Section II, dual ascent-based iterative economic dispatch problem is presented. The corresponding continuous dynamic model is then derived. In Section III, method of multipliersbased iterative approach is presented. The continuous dynamic model is again derived. We show that if the power imbalance can be represented by frequency deviation, the former approach is similar to integral control and the latter approach is similar to proportional integral (PI) control.
This finding is important for power system operation. The parameters of the feedback control for each generator (input: frequency deviation, output: turbine-governor's power reference) can be selected according to generator cost functions. This selection will lead to frequency regulation and economic operation simultaneously. In another word, centralized economic dispatch can be carried out less frequently since AGC control can take care of economic operation.
II. DUAL ASCENT-BASED ITERATIVE ECONOMIC DISPATCH
For a two-area system, each area with a generator (dispatch level P i ) and a load (D i ), the economic dispatch problem is expressed as follows:
subject to:
where The dual problem is as follows:
For a given λ, Area 1 and Area 2 can carry out minimization problems separately. The price λ is then updated to maximize the objective function of the dual problem. In addition, assume that the system has primary frequency control in place. Therefore, at steady-state, the power imbalance will be represented by the frequency deviation with a gain
if the damping of generators are ignored and R i is the droop parameter of Generator i [21] ). The iterative procedure of λ update is as follows:
where α is positive. Note that in the dual-ascent algorithm, α has to be small enough to guarantee the convergence of the iteration [22] . Therefore the value of K cannot be overly large. This point will be further explained.
Ignoring the generator limits, the marginal costs of the generators should equal to the price at each step
Therefore, the iteration for the power commands that will be sent to the turbine governors are:
The above equations lead to further examination on convergence. Note that (6) can also be expressed as:
To guarantee the convergence for the above iterative process [23] ,
Therefore, assuming that a 1 = 1, α < 4. If β = 20, then K < 80. The continuous dynamic model of the above procedure can be obtained using Forward Euler approximation for derivatives
where τ is the step size of the discrete iteration.
Remarks:
1) The continuous dynamic model not only indicates that dual ascent-based economic dispatch is equivalent to an integrator in secondary frequency control, but also indicates that if the gains of the integral controllers for generators are chosen based on generators' cost functions, the local feedback control can realize economic dispatch and frequency regulation simultaneously. 2) There are three assumptions for the proposed control.
i) The primary frequency control is in place.
ii) The generator cost functions are convex and quadratic. Majority of generators have quadratic cost functions [20] . Piecewise linear cost functions are used to facilitate linear programming based operation. In cases where piecewise linear cost functions are used to represent cost functions, we can seek quadratic cost functions to match the piecewise linear cost functions for those generators. When there are linear or constant cost functions, these generators will not be equipped with secondary frequency controllers. Linear cost function is equivalent to a very small quadratic coefficient a i → 0, which means an infinite gain of the secondary frequency control. A large gain will surely introduce instability to the system. Therefore, it indicates that if the second derivative of the cost function does not exist, the secondary frequency control is not applicable to that generator. When a generator has a linear cost function, this generator should not participate in the secondary frequency control. Instead, its power reference point P base will be set according to economic dispatch. iii) The local frequency measurements are assumed to be quasi steady-state. The secondary frequency control has a slower response or bandwidth compared to the rest of the system dynamics. Therefore, the primary frequency response is considered to be fast enough to achieve steady-state from the point view of the secondary frequency control. We will give example bandwidths to show this assumption is reasonable. Consider a generator with all units in per unit. Ignore the primary frequency response dynamics and assume that the droop parameter is 5%. The system block diagram of this generator is shown in Fig. 2(a) . The closed-loop system transfer function is −1/ τ K R s + 1 . Therefore, for τ = 5 s, K = 50 and R = 5%, the bandwidth is 0.5 rad/s. If the integral controller gain is reduced to 5 (K = 5), then, the bandwidth of the secondary frequency control is 0.05 rad/s. With primary frequency response dynamics considered, the aforementioned bandwidths will be even lower. Primary frequency response bandwidth is usually much higher. A simple system block diagram is shown in Fig. 2(b) . With the inertia constant H = 5 s·p.u., R = 5%, and the dynamics of the turbinegovernor ignored, the closed-loop transfer function is 1/(2HRs + 1), with a bandwidth of 2 rad/s. 3) To this end, we find that the resulting controller can achieve the same effect as the traditional AGC participation factor approach [20] . The participation factors are inversely proportional to the quadratic cost coefficients. Fig. 1 illustrates the traditional AGC implementation and the proposed control implementation. The advantage of the proposed control is distributed local frequency control. When the entire system is operated as a single area, the only concern is frequency response. And there is no need to have communication links to get the centralized area control error (ACE) signal as shown in Fig. 1(a) . This advantage will disappear in a conventional balancing area setting since ACE needs to be sent to each generator. In addition, a global parameter K still needs to be shared by all generators participating in frequency regulation.
Monitoring of generator performance is needed to ensure all/most generators behave as expected. Fig. 1(a) presents the conventional AGC diagram (Ref. [20, p. 354] ). P base is deducted from the output of the integral controller. The deduction makes sure that the power change will be proportionally distributed among generators. P base is then added back to generate the power reference for each generator. The participation factor (pf i ) is related to the second derivative of the cost function.
Assume that the first and second derivatives of the cost functions exist and notate them to be F i and F i . For an economic dispatch problem, the Lagrangian multiplier λ and the first derivative of the cost function has the following relationship
Therefore, when the system has a small load change, the incremental change in the Lagrangian multiplier can be expressed as:
The total change in generation will be the same as the load change
The share of ith generator is defined as participation factor pf i
III. METHOD OF MULTIPLIERS BASED ITERATIVE ECONOMIC DISPATCH
In the method of multipliers, an additional term related to an equality constraint is added to the objective function. The advantage of the method of multipliers is to achieve faster convergence compared to the dual-ascent method [24] . Our economic dispatch problem now becomes:
where ρ is positive. Fig. 3 . The two-area system test system. System base: 100 MW.
Again, the power imbalance can be reflected by frequency deviation. The λ update procedure now becomes
For a given λ k , P k 1 and P k 2 should minimize the following objective function:
The arguments that minimize L(P 1 , P 2 ) can be found by setting the gradients related to P 1 and P 2 to zeros
The iteration for the power commands can be found by replacing λ in (21) by (27)
Using the forward Euler approximation for derivatives, the continuous dynamic model is found to be:
The transfer functions for the above model are as follows:
Remarks:
1) The continuous dynamic model not only indicates that method of multipliers-based economic dispatch is equivalent to a proportional integral controller in secondary frequency control, but also indicates that if the gains of the PI controllers for generators are chosen based on generators' cost functions, the local feedback control can realize economic dispatch and frequency regulation simultaneously. 2) The two dynamic models also indicate that method of multiplier-based iteration can achieve faster convergence compared to dual ascent-based iteration. The former is viewed as a PI control while the latter is viewed as an integral controller. The PI controller should lead to faster response than the integral controller.
IV. CASE STUDIES AND SIMULATION RESULTS
A. Two-Area Four-Machine System
The test power system is a two-area four-machine system shown in Fig. 3 . This system comes from the classical two-area four-machine power system [25] with the following modification: The tie-line has been shortened; the inertia constants of the machines are reduced to 2.5 p.u. to have faster electromechanical dynamics; the damping coefficients are set to be 1 p.u. Generators are modeled as classical generators with turbinegovernor blocks. Primary frequency droops with a regulation constant at 4% are all included.
Power System Toolbox [26] is selected as the dynamic simulation platform.
Area 1 consists of Gen 1 and Gen 2 and Load 1. Area 2 consists of Gen 3, Gen 4, and Load 2. The two areas are connected through tie-lines. Initially, the four generators are dispatched at 687.76, 700, 716, and 700 MW. Assume that in Area 1 the two generators are having the same quadratic cost functions: 1.5P 
1) Turbine-Governor and Secondary Frequency Control:
Each generator is equipped with a turbine-governor and primary droop control as shown in Fig. 4 . The turbine-governor block's transfer function is as follows: 2) For discrete control, every 5 s, the power reference signal will be updated based on its previous value and the frequency deviation P
2) Simulation Results:
At t = 10 s, a total 80 MW load increase is initiated at the two loads, each sharing 40 MW increase.
Three scenarios are compared to demonstrate the economic dispatch with feedback control. 1) Case 0: The four generators have no secondary frequency control (see Fig. 5 ). 2) Case 1: The four generators are equipped with continuous integral control as secondary frequency control (see Figs. 6 and 7) . K = 50 and τ = 5. 3) Case 2: The four generators are equipped with discrete dual ascent-based control as secondary frequency control. K = 50 and τ = 5. Fig. 5 presents system dynamics for 100 s when secondary frequency control is not applied. The four generators evenly share the load increase. This is due to the same droop regulation constants for four generators. Without secondary frequency control, the system's frequency will be lower than the nominal when there is a load increase. Fig. 6 presents the secondary frequency control outputs when continuous secondary frequency control is applied. It can be seen that Gens 3-4 now share more power than Gens 1-2. The ratio of power sharing (1 : 1 : 1.5 : 1.5) is inversely proportional to the cost function's quadratic coefficients (1.5 : 1.5 : 1 : 1). Fig. 7 presents the system dynamic with the continuous secondary frequency control. With secondary frequency control, the system frequency will be brought back to nominal with a load increase. Fig. 8 presents the secondary frequency control outputs when discrete secondary frequency control is applied. It can be seen that Gens 3-4's power increase is 1.5 times of the power increase from Gens 1-2. Similar as the case of continuous control, the ratio of power sharing (1 : 1 : 1.5 : 1.5) is inversely proportional to the cost function's quadratic coefficients (1.5 : 1.5 : 1 : 1). Fig. 9 presents the system dynamic with the discrete secondary frequency control. With secondary frequency control, the system frequency will be brought back to nominal with a load increase. Table I presents a comparison of the three cases in terms electric power P e output from each generator. The numerical results indicate that with droop control only, all four generators have equal share of load increase. However, with continuous or discrete secondary frequency control, the power sharing for the four generators is approximately 1 : 1 : 1.5 : 1.5.
Table II presents a comparison of the three cases in terms mechanical power P m output from each generator. The numerical results indicate that with droop control only, all four generators have equal share of load increase. However, with continuous or discrete secondary frequency control, the power sharing for the four generators are approximately 1 : 1 : 1.5 : 1.5. Fig. 10 compares the Gen 1 speed for the continuous and discrete control cases. Fig . 11 compares the secondary frequency control output for the continuous and discrete control cases.
Remarks: 1) Both continuous and discrete feedback control can realize economic operation and secondary frequency regulation simultaneously.
2) The case study system is assumed to be operated by one utility. Therefore, local frequency is used as a signal for the secondary frequency control instead of ACE signal. The frequency measurement can be replaced by ACE input signal for the proposed method in achieving simultaneous economic operation and frequency/tie-line power flow regulation. 3) As the traditional AGC implementation, implementation of the proposed secondary frequency control needs to consider many other factors such as generator capacity limits, ramp speed limits, noises in ACE signal and etc. Methods adopted in traditional AGC such as filtering of ACE, unit control logic to allow the secondary frequency control to take care of generator capacity limits and ramp speed can also be adopted for the proposed controllers.
B. 48-Machine 140-Bus System
A larger power system with 48 generators, 140 buses is also tested for the proposed secondary frequency control. This system is based on the 48-machine NPCC test system in PST software package [26] . The total load of the system is 280 p.u.
(1 p.u. is 100 MW). Twenty-four generators are equipped with turbine-governors and primary frequency controls, with the total 1/R i = 2647.8 pu. The system modified to have better electromechanical oscillations by an increased stator resistance on every generator. At 30 s, the loads at the following buses 78, 91, 120, 128, and 131 are all increased. Two scenarios will be examined: with primary frequency control only (Scenario 1) and with the primary and the proposed secondary frequency control (Scenario 2).
Figs. 12-14 present the system primary frequency responses for Scenario 1. From Fig. 12 , it is observed that the system frequency drops below 0.9998 due to the load increase.
In Scenario 2, the proposed local secondary frequency control will be activated on every turbine governor. The quadratic cost function coefficient of the generator corresponding to ith turbine governor is assumed to be a i = 1 + 0.3i. The smallest quadratic coefficient is 1.3 while the largest coefficient is 8.2. The gain of the secondary frequency control is chosen to be 100/2a i for each turbine. Further, discrete control is simulated where the step size is 20 s. A time period of 1000 s is simulated. Figs. 15-18 present simulation results for Scenario 2. It can be seen that with the secondary frequency control, the system frequency is slowly brought back to the nominal. 
V. CONCLUSION
In this paper, two iterative approaches to solve an economic operation problem are examined: dual ascent and the method of multipliers approaches. If the system has primary frequency control in place, then the power imbalance can be represented by frequency deviation and the iteration procedure can be found to be equivalent to an integral or PI control. This finding has a practical value. The parameters of the secondary frequency controllers for generators can be set based on generators' cost functions. This way, frequency regulation and economic operation can be realized simultaneously.
